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CONTROL OF WATER TREATMENT SYSTEM WITH LOW LEVEL BORON 

DETECTION 

FIELD OF THE INVENTION 

The present invention relates generally to methods and apparatus for controlling 
and/or regulating operation of water treatment systems to oohance or optimize treatment, 
wherein the treatment system r^oves boron. It relates more particularly to water 
treatment or ultrapure water (UPW) treatment systems employing an arrangement of 
various wato: treatment nnits that include one or more reverse osmosis (RO) treatment 
units, or to systCTis that include one or more filled cell electrodialysis (EDI) units. In 
broad terms, such control is effected by sampling the liquid being treated, providing a 
sample or a sample stream to a boron analyzer, and applying the detected boron level to 
set an operating parameter or processing condition of an RO or EDI unit so as to enhance 
the treatment or removal process. Sampling may be performed either before, within or 
after such EDI or RO unit, and in some embodiments is performed at a product outlet, 
such as a primary make-up line outlet in a semiconductor plant, using a low-level on-line 
boron detector. 

BACKGROUND OF THE INVENTION 

It has become increasingly important to be able to detect, measure and remove 
very low concentrations of contaminants in deionized water with a high degree 
effectiveness and reprodudbifity of results. For municipal water supplies, certain 
maximum contaminant levels (e.g., 500 ppb for boron) must not be exceeded, while for 
cotain industrial applications, such as s^niconductor manufacture, levels below about 
100 ppt are desirable. This is because even very low levels of boron present in the 
deionized UPW product water used in manufacturing can significantly and adversely 
affect the quality and performance of a semiconductor chip. 

Large amoimts of ultrq)ure water are required in processes to manufacture 
semiconductors, and boron may be present as a contaminant in the raw or pretreated feed 
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water. If present, it must be removed to very low concentration, for the following reasoiL 
Boro;i is a p-type semiconductor dopant used in manufacture of solid state electronics, 
and it functions as a principal charge carrier in the doped silicon crystal. Tlie presence of 
boron even at a sub ppb level in a &b plant process fluid, such as developer, cleaning 
fluid, vapor, rinse water or the like can give rise to surface deposits of boron, which in 
turn, may become incorporated in a silicon substrate during various process stages - 
particularly heating or ion implantation stages, and may change the intended dopant 
proiSle or otherwise alter the electrical characteristics of the substrate. To prevent the 
inadvertent introduction of boron contamination dming manufacturing processes, it is 
necessary to remove Ij^oron from the feb plant UPW stream down to a very low residual 
level, typically to a low threshold under 50 ppt, and preferably below 10-20 ppt. 

Several general facts about the sources of and levels of boron present in natural 
waters, and its passage in treated waters, affect the ability of a treatment plant to 
dependably or economically achieve a product level below a set level. Boron may be 
present in local water sources at levels of about 50 ppb to several ppm (or more for sea 
water), so it is sometimes necessary when treating bulk water to cany out specific steps to 
remove boron to a desired level. One level, in order to meet drinking water 
specifications, maybe between 50 - 500 ppb; this may require a 10- to 100- fold 
reduction for a seawater reverse osmosis plant Another level, suitable for certain 
agricultural applications (where particular crops may require a ceiling) is several hundred 
ppb, and this target may be set for a plant treating municipal waste, agricultural run-off or 
brackish groundwater, among other sources. 

Several water treatment technologies achieve some reduction of boron, and may 
be applied to meet such standards. These include reverse osmosis, various complexing 
agents followed by filtration, as well as boron selective resins and other treatment 
approaches. Water treatment plants typically involve a pretreatment stage followed by a 
sequence of other processes, possibly with return loops and bleed or blowdown exit 
points, bypasses and/or blendiiig to meet diverse competing goals of water recovery, 
economy, and safe waste disposal. 
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A UPW treatmmt plant for semiconductor fabrication processes must generally 
demineralize the feed water down to a residual boron concentration in the product in the 
low parts per trillion, the predse level often beiag specified for e?cpedience by the boron 
detection linut of the instrumentation available at the plant Such a level shall for 
simplicity be referred to herdin simply as **boron firee". 

Boron is generally present in water in a form that is poorly ionized at middle pH, 
and when relying on a reverse osmosis (RO) treatment^ about 50 -70% of the starting 
boron level may be expected to pass in the permeate. Much greater removal is possible 
by raising the pH substantially, e.g., to about pH 1 1 , and cuts of 98-99% may be achieved 
with RO when the ioiyc load and membrane characteristics permit an RO unit to be ' 
operated in this condition. 

Ion exchange is of limited effect Because boron is poorly captured and is loosely 
held, it may be said that ion exchange doesn't really stop boron passage, it just slows it 
down. Generally, boron is poorly ionized at neutral pH, and is i>oorly cq>tured and is 
weakly held by ion exchange resins. While it may be effectively captured by fully 
regenerated resin, it may be eluted by other elements (including OH firom the equilibrium 
dissociation of water) as iomc load in the exchange bed increases. Boron ions are 
therefore the first ions to leak firom the mixed ion exchange resin beds that follow RO or 
that in some areas constitute a principal pretreatment Leakage can occur as the resin 
becomes exhausted, and will also occur (in the case of boron) in pulses or spikes much 
earlier, as bleeding due to di^lacement by an influx of competing ions, or due to a 
change in temperature, pH or the like. 

System design must therefore address the dependable and effective removal of 
boron to a predetmnined level despite the relatively wide range of possible starting 
concentrations and competing miuCTals, the seasonal or episodic changes in soxirce quality 
and composition, and the relatively variable rates of boron removal or retention using 
standard water treatment processes. 

An illustration is instructive. S. Malhotra et al. have reported in "Correlation of 
Boron Breakthrough versus Resistivity and Dissolved Silica in RO/DI System'* (Ultrapure 
Water, May/June 1996, 13(4): p. 22-26) that boron was the first ion to break through the 
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ion exchange resin beds of a water treatment system when they switched to using Ihin- 
fihn-composite (TFC) membranes in then: reverse osmosis (RO) units. The introduction 
of TFC reverse osmosis (RO) membranes (to replace cellulose acetate RO membranes) 
was very effective in reducing the silica passage through the RO apparatus, but flie 
reduction in boron passage was not as great. Hiis led to quicker boron saturation of the 
ion exchange beds and the observation of imexpected boron breakthrough in a mixed ion 
exchange resin bed. More generally, once boron has accumulated in an ion exchange bed, 
changes or upsets in operating conditions may lead to boron release at unacceptable 
levels. For example, an increase in temperature may result in release of the captured 
boron (apparently displaced by the higher levels of tiiermally dissociated hydroxyl ions); 
similarly, an increase in the level of one or more other dissolved components in the feed 
water may displace some of the captured boron, i)otentially eluting higher concentrations 
of boron than were present in the feed Thus, standard ion exchange resins are ill-adapted 
to producing boron-free water. 

Adsorption of borate ion on anion exchange resin or selective boron capture resin 
is the most common method to for producing boron free water. Several systems 
incorporating this approach have been described in the patent literature, such as tiiose 
described in U.S. Patents No. 5,81 1,012 and 5,833,846 of M. Tanabe et al. Those patents 
show boron-specific ion exchange resin downstream of a degasifier and upstream of a 
final mixed resin bed, and the patentee reports boron measurements by ICP-MS of below 
1 0 ppt (apparently its Mxmt of detection). One well-known boron-spedfic exchange resin 
that may be used in such applications is Amberlite IRA-743T, manufactured by Rohm 
and Haas Company. Capture resins are widely used at various stages in other treatment 
systems to meet a required level- 
However, boron-specific removal resins generally shed organic carbon, and for 
semiconductor applications they must tiierefore be situated upstream of other removal 
processes. To minimize expense, such treatment may be implemented on a smaller scale 
in a treatment brandi process to supply water only for the specific fab processes where 
boron affects product quality. However, these resins, like oth^ exchange resins, 
necessarily require tiie use of hazardous chemicals to regenerate the resins, so their use 
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raises certain environmental or safety (as well as related cost) concerns. Moreova:, 
capture resins cost several times as much as other exchange resins (e.g., about $500 -700 
dollars per cubic foot). 

When the product water must meet a predetermined maximum contanoinant level 
(MCL) or threshold, particularly when the threshhold is very low or the feed is variable, 
system design may be difBcult or present only costly solutions. It is possible that boron 
removal at higher levels may be enhanced by certain operating protocols witihi an RO 
treatment unit that would allow a downstream process, such as a polishing loop with 
virgin ion exchange resin or a primary makeup loop with ion exchange bottles or capture 
resin, to effectively rejmove residual boron (and other material) to sub ppb levels with a 
reasonable resin lifetime betwera replacements or regeneration. However, identifying 
treatment conditions or configurations of treatment imits that will have such high levels 
of removal and operate stably to produce product water below a predetemuned threshold, 
or to produce UP W fab water with boron at a low ppt level, remains a problem. Use of 
such systCTis when chip production valued at tens of thousands of dollars per hour are at 
. risk may appear to require substantial verification of the process, or &il safe operating 
protocols before gaining acceptance in the industry. For systems meeting a higher, less 
stringent, threshold, the above-described properties still make dependable modeling 
difBcult 

Thus, there remains a need for systems and methods that operate to continuously 
and effectively produce UPW product water having a boron level below a predetermined 
level. 

There is also a need for water treatment methods and systems to produce UPW 
water for semiconductor manufacture and other applications, which remove boron down 
to very low levels without the use of hazardous chemicals. 

In addition there is a need for systems and methods to detect change or upset in a 
UPW treatment unit, and which control a treatment unit or its operating enviroranent to 
maintain quality of the feed water. 

Accordingly, a principal object of this invention is to provide methods and 
apparatus for water treatmmt, wherein the treatment system has a boron ou^ut below a 



5 



wo 03/031034 



PCTAJS02/31645 



predetermined Tpgyimum level and employs at least one RO treatment unit and/or filled 
cell HD/HDI unit 

It is a general object of this invention to jmjvide methods and apparatus for water 
treatm^t in semiconductor manufacturing or other application which require accurate, 
reliable removal of boron to a low concentration, e.g., below a predetennined threshold 
that is between 0 and 500 ppb boron, wherein the system effects a boron detection or 
measurement, and applies such measurement to control or regulate a condition of 
operation of a filled cell electrodialysis stack, an RO unit or a related flow treatment or 
flow conditioning unit 

It is also an otjject of this invention to control a treatment system in accordance 
with a boron detection and measurement device, applying a boron level measurement to 
regulate flie electrical current or voltage supplied to a filled cell electrodialysis stack 
and/or system. 

As applied to an RO system, an object of this invention is to provide methods and 
appaia^tus for controlling an operating condition of an RO unit in accordance with a 
system by sampling water with a boron detection/measurement device and applying the 
nieasurement to regulate the operating condition of an RO unit 

Other objects and advantages of the present invention will in part be obvious and 
will in part appear hminafter. The invention accordingly comprises, but is not limited to, 
the methods and related apparatus, involving flie several steps and the various 
components, and the relation and order of one or more such steps and components with 
respect to each of the others, as exemplified by the following description and the 
accompanying drawings. 

SUMMARY OF THE INVENTION 

The invention is generally directed to methods and apparatus for water treatment 
producing boron fi-ee water or water that meets a predetermined boron removal threshold. 
Systenas of the invention include a fluid treatment line including one or more reverse 
osmosis or filled cell electrodialysis (electrodeionization or EDI) units, and employ a 
boron analyzer for detecting concentration of boron at a point in the tr^tment line. The 
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detected level is appled to set a condition of opeiation. In the case of treatmmt systems 
with an ED/EDI unit, this may be accomplished by setting electrical current or voltage 
supplied to one or more EDI units (stacks), or changmg a condition such as pH of fluid 
mtdring that portion of the system, as a function of the detected boron level. A control 
system responsive to the detection level may control the stack to increase its boron 
ronoval rate by raising the applied current or voltage when the boron conc^tration is 
greater than a desired value, or may decrease the'ciftrent or voltage when the boron 
concentration is less than a desired value. In tiiis way such stacks or systems can be 
operated to treat liquids to a predetermined boron concentration without the attention of a 
human operator and \yithout wasting excessive electrical current or voltage supplied to 
such stacks or systems. The control system may alternatively apply the detected boron 
level to identify functionally related changes in resin state or feedwater ionic load, and 
may change operating parameters to assure steady state output water quality or to correct 
an iq>set coiidition or deleterious operating condition. Other control steps initiated in 
response to such detection may include initiation of electrical reversal with associated 
swiping of concentrate and dilute flows, initiation of a chemical cleaning (CaOP) cycle, or 
the like. The methods of the invention may also be used to control boron concentration at 
any point within a stack or within the ^tem at which control of boron concentration is 
desired, based on boron detection in a sample supplied to the boron analyzer from that 
point in the systCTi. 

For example, the boron reading from a sample collection tube placed at a 
. midpoint of the flow path through an electrodeionization stack may be applied to control 
the stack operating potential such that the anion resin along tiie distal end (e.g., the distal 
half or two-thirds) of the fluid flow path through the stack remains in a substantially 
regenerated state. This pCTinits optimal electrical efficiency of removal of the major ionic 
load of anions, such as chloride, CO2, SO4, NO3 and other readily-ionized minerals, in the 
proximal end of the dilute cells. It also assures that the distal end is in a highly effective 
boron ranoval state. Other sample points may be employed, alone or as a group. Thus, 
in a stack or treatment system that has more than one stage, the sample supplied to the 
boron analyzer may be taken fix)m a point between stages, while in treatment systems 
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having an ultraviolet (UV) ligjit source between stages, the sample supplied to the boron 
analyzer may be fix)m a point upstream or downstream of such UV li^t source. When 
the system includes a stack that has electrodes segmented along the length of the liquid 
flow path, the signal ftom the analyzer may be applied by the controller to regulate the 
applied voltage, or the current flowing through different portions of the stack, so as to 
optimize overall demineraiization of the feed flow consistent with a givm boron 
threshold, or may be applied to maximize the removal of boron by assuring tiiat a suitable 
portion of the flow path remains in a state effective to remove boron down to die target 
level. 

In systems wi|h multiple sample points, samples may be supplied to a valve 
system which is configurable to supply the sample from any particular sample outlet to 
the boron analyzer. Correspondingly, the control system may be programmed to respond 
to the given detection, optionally in conjunction with a conductivity or other 
measurement, by regulating the electrical current or voltage of the respective stack or 
stage from which the sample was supplied, or a related upstream or downstream unit 
The valve system and the control system may be manual or automatic. The valve system 
may consist of multiple valves, a single multiport valve, or a number of multiport valves. 

In reversing stacks, that is where the electrical polarity is reversed and the diluting 
stream compartment becomes the concentrating stream compartment, the control system 
may regulate the current or voltage supplied, or may initiate a reversal sequence or initiate 
a chemical cleaning cycle based on the output from the boron analyzer over time. 

The sample may be supplied to the boiron analyzer from a point along the length 
of a product manifold within a stack. By varying the position of the sample point along 
the length of the product (dilute out) manifold the p^ormance of any cell in the stack can 
be determined. After the position of the point along the length of a product manifold that 
has the highest boron concentmtion has been deteraiiaed, that point may continue to be 
used as a control point, providing a sample supply to the boron analyzer during continued 
operation of the stack. 

Embodimotits of the invention may include treatment systems with one or more 
reverse osmosis units, and vary a condition of RO operation in response to a boron 
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measureineat In a XJPWtreatmeat system of the invention hav^ 
the outlet fluid may be sampled to a boron detector, and the control system may thm 
apply the boron measurement to regulate RO operation so as to optimize the ronoval of 
boron. This is accomplished by one or more steps of setting the high pressure side flow 
rate to flie RO unit, setting or adjusting the brine blowdown rate, and/or by setting the 
feed rate of one or more chemicals in the RO system. The control system can, for 
example, increase high pressure side flow rate, brine blowdown rate, increase product 
water permeation rate, and/or feed rate of cbemicals when the boron concentration is 
greater than a desired value. It can also or it can decrease high pressure side flow rate, 
brine blowdown rate,j decrease product water permeation rate, and/or feed rate of 
chemicals in the event boron concentration is less than the presetvalue and processing 
conditions may be relaxed or use of chemipals decreased while still maint a i ning effective 
levels of removal in the RO or a downstream portion of the system. In this way, an RO 
stage or system can be operated to treat liquids to a predetermined boron concentmtion 
without the attention of a human operator and without wasting chemicals supplied to such 
stage or system. This method and s^paratus may also be used to control the boron 
concentration at any RO stage or point in the treatment system by supplying the sample 
stream to the boron analyzer firom the point in the sj^tCTa at which control of the boron 
concentration is desired md efiecting appropriate adjustments ia that or another stage. In 
a stage or system having more than one pass, the sample supplied to tiie boron analyzer 
may be from a point between passes. In a stage or system having an ultraviolet (UV) light 
source between passes, the sample supplied to the boron analyzer may be from a point 
upstream or downstream of the UV light source. Multiple sample outiefs may 
commxmicate with a valve system operative to supply the sample from any particular 
sample ouflet to the boron analyzer such that the control system can regulate more than 
one, or difif^ent ones ot the foregoing states or conditions in response to boron values at 
different places along the treatment line. 
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Figure 1 A is a simplified process flow diagram of a treatment system of the 
preset invention having an EDI stage or unit; 

Figure IB is a simplified process flow diagram of a treatment system of the 
present invention having an RO stage; 

Figure 2 is a simplified process flow diagram of another RO embodiment of fiie 
present invention. 

DETAILED DESCRy TION OF PREFERRED EMBODIMENTS 

The present invention provides UPW treatment methods and apparatus with 
control of filled cell EDI stacks (Figure 1 A) and/or RO units (Figures IB, 2) based on or 
in response to a boron detection or measurement. The construction and operation of a 
low level boron detector suitable for on-line operation and sampling of a UPW product 
stream is desmbed in Intemational Patent Application PCTAJSOl/24637. Hiis 
instrument is a convenient (and less costiy) measurement instrumrat than the 
conventional ICP-K^ instrument used for low-level boron measurement, and it may be 
attached on-line to monitor boron levels and confirm water quility of a boron at the low 
ppt level to confirm boron fi:ee operation of a water treatment system. Other 
instrumentation can be used to sample higher levels of boron, or sample boron in the 
presence of oth^ ions, and maybe used to detect boron concentration at earlier stages of 
a treatment line. This invention applies such measurements to control one or more 
membrane-type boron removal units in a process line, where the term ''membrane-type 
unif ' is intended to refer to a unit such as an EDI water treatment unit that relies on 
semipermeable membranes exchange media with electrical operation, or to a 
filtrationtype unit such as an RO xmit that relies on selectively permeable membranes 
without requiring an electrical field or current. The controller may control a condition of 
water supplied to electroddoization or reverse osmosis unit to assure that boron is 
removed to below a predetemuned concentration, which, in various embodiments is a 
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level in part per billion, orsubppb, and in fab plants iresults in a product water fhat is 
boron-free, t^rpicaUy in the low parte per trillion. Desirable operating states and internal 
flow conditions of a filled cell electrodialysis stack and/or systCTOi are described in 
International Patent Application PCT/USOl/25226, filed August 10, 2001 and commonly 
owned with the present invention. Such background knowledge of the ^ical details of 
stack op^ation and the removal rates and types of ions removed at different regions along 
the flow path through an EDI stack will be assmhed herein. Each of the foregoing 
intonational patent applications is herdby incorporated herein by reference in its entirety. 

In one aspect, the present invention includes a system wherein a boron 
measurement is appU^ to a control system that regulates the electrical drive of an EDI 
stack to maintain efifective boron removal conditions within the stack. In another aspect, 
a control system may regulate operating conditions of an RO system to maintain the 
desired boron set point Systems of the invention may set operating conditions of an RO 
or EDI uiiit to achieve one threshold in a first stage,, and adjust conditions of a later stage 
to meet another, lower, level based on boron measurements. Systems may also be vary 
the inter&LCG with an existing treatment plan^ effecting a control operation such as 
varying the blend of feed from a hi^ pH silica removal treatment stage to most 
efficienfly meet the desired RO feed state condition. 

In general, the attainment of a very low boron level may require that the starting 
watCT to the final bcnron removal unite iteelf have a limited boron load that is attained by 
earlio: treatment stages starting with a feed or source water of hi^^er and potentially 
variable boron content greafly above this limit. For example, a groundwater or seawater 
raw feed may have 0.2 -5 ppm boron, while a feed to a final boron removal stage may 
have a conccaitration of 0.5 — 5 ppb boron. In each case, the feed may be treated by 
suitable early stage processes, such as ion exchange beds, boron-q)ecific chelating beds, 
multiple pass RO treatment, or other treatment to bring boron level of the source down to 
a first predetCTmined threshold or suitable range. In embodimente discussed below, it 
will therefore be assumed that the starting water has a limited boron level, although it 
may include oth^ minerals at higher concentrations. The invention then appUes a boron 
measurement to control an electrodeionization stack and/or reverse osmosis unit to 
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produce or maintain defined pr^elected boron limit, or varies the blend of pemieates 
fix)m different RO units to meet a predetermined level of boron, in the product water. 
Embodiments of the invention may be followed by fiirth^ treatment, such as a final 
polish loop in a &b plant In that case, the resin bottles of the final polish will have a 
greatly extended life before breakthrough. 

Iq one embodiment of the inv^tion shown in Figure 1 A, a sample stream of the 
product fix>m one or more filled cell electrodialysis stack(s) is directed, e.g., by a conduit, 
to the inlet of an on-^line boron analyzer. The electronic oii^ut of the boron analyzer is 
s&it to a control system that adjusts the electrical current or voltage supplied to the filled 
cell electrodialysis st^ck(s) and /or system(s). Other possible control steps or adjustments 
includes setting a temperature of water supplied to the EDI unit to enhance boroii 
removal. 

Within the stack, the fluid being treated flows through dilute cells containing ion 
exdiange resin, typically in bead form, and the beads capture various ionic species that 
then migrate, und^ the influCTice of an applied electric potmtial, through ion-permeable 
membranes out of the treatment stream. The invention may assume a model wherein, in a 
single stage EDI, caldnm, chloride and other easily removed ions are preferentially 
removed at the firont or proximal portion of the fluid path along the length of the EDI 
dilutes cells, and the stack is run at a current level such that the exchange resin filling 
toward the distal end of the fluid path remains in a substantially regenerated state. Boton, 
although not ionized at neutral pH, is effectively captured if it contacts regenerated resin 
intheOHfoim. Once captured by the exchange resin, the boron migrates into an 
adjacent concentrate channel and is flushed, so the EDI unit can effectively remove 95% 
or more of the boron firom the feed provided a suffici^t length of the distal flow path 
remains regenerated. Thus, to optimize boron removal by EDI, the controller may 
respond to detection of increased or increasing boron in the EDI product water by 
increasing the drive current to the stack, causing the upstream species (chloride and the 
like) to be entirely removed earlier along the proximal flow path. This assiires that the 
distal end of the flow path will be in a substantially regenerated form, and will more 
effectively capture and remove boron firom the flow. Similarly, if the boron level falls 
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below a desired set point, or will remain below flie desired set point, the controller may 
operate by decreasing the EDI drive cutrenl^ allowing the major firont-end ionic burden to 
be removed at lower electrical flux. Wh&i boron removal still remains effective, 
operation at lower flux may be d^irable to save power. The controller may, in the 
altemative apply the detector output to adjust or control another element, such as 
chemical injection upstream of the EDI unit to adjust feed pH, changing the pH to 
enhance front-caid ion removal, distal end resin regeneration state, or boron ionization. 
One advantageous pH control method is applied to an EDI stack having primarily or only 
anion exchange resin in an initial front end portion of its dilute cells; cations producing 
elevated pH then ren^in in the flow to enhance boron removal. 

In another embodiment a sample stream of the feed of a fiUed cell electrodialysis 
stack(s) is conditioned by flowing through one or more ion exchange columns capable of 
removing ions more highly charged than boron, but not boron itself and is then provided 
to an on-line boron analyzer. Alternatively, suitable conditioning may be performed 
using a nanofiltration or reverse osmosis m^brane to reject strongly charged ions while 
having an insignificant rejection of boroiL The output of the boron analyzer is used as an 
hsput to a control system that adjusts the electrical current or voltage supplied to the filled 
cell electrodialysis stack(s) and /or syst^(s), or controls a chemical addition or other 
condition as desoribed; 

Systems of the invention may include several stacks in hydraulic series. In this 
case, preferably a sample stream is taken fix>m a sample tap in the liquid conduit bebveen 
the stacks and directed to the boron analyzar. The boron analyzer output is provided as 
an input to a control system that adjusts the electrical current or voltage supplied to one or 
both series-connected stack(s). The first stack may, for example, be controlled to 
effectively remove the major ionic burden, while the second stage may be operated in a 
substantially regenerated mode to assure the highest boron removal. Separate or 
different-conductivity concentrate streams maybe provided to each stack to optiniize 
their operation, and othCT modifications of the stacks such as layered, monotype or other 
resin fillings may be used as appropriate for their respective feed characteristics and 
desired steady state operating conditions. A system may employ a first stack built with 
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only anion resin to allow maintenance of elevated pH of the stream for effective boron 
removal, and the second stack may have a mixed resin filling to r^ove other ions. 

When an electrodeionization stack has its electrodes segmented along flieir length 
parallel to the liquid flow path through the cells of the stack, the boron reading of the 
product stream may be applied to separately control the current of each electrode 
segmCT^t, so as to optunize removal of boron in the stack as a whole. The segmented 
electrodes allow one to separately control the rates at \^di the ions passing in diSer&st 
regions are rCTioved, without' introducing excessive polarization or wateac splitting in 
other regions that might cause the resin to throw salt or otherwise degrade iho product 
stream. , 

In systems with two or more stacks in hydraulic series having an ultraviolet (UV) 
light source between the stacks, a sample stream may be directed to tiie boron analyzer 
fi:om a sample tap in the liquid conduit downstream of the UV light source. Tlie output 
of &e boron analyzer is used as an input to a control system that adjusts the electrical 
current or voltage supplied to one or more of the stacks. 

In syst^ns with multiple stacks and/or stages of ED, EDI and/or RO units, a 
preferred embodiment has multiple sample outlets connected to inlets of a valve sj^tem 
vnUi a single outlet that delivers a sample stream to the inlet of an on-line boron analyzer. 
Valve control signals or related synchronization signals allow the states and boron levels 
of each sampled stage to be identified, and the output of the boron analyzer may thus be 
applied by Hxe control system to control differmt ones of the units as appropriate to 
achieve a boron firee product For example, the controller may regulate electrical current 
or voltage supplied respectively to appropriate ones of the stacks and/or stages &om 
whidi the sample was supplied, to adjust RO parameters at an upstream stage, or to select 
from among possible changes based on secondary (non-boron) considerations, such as 
cleaning treatment or chemical addition costs, trade-offs in passage of other ions or the 
Uke. The valve system may include multiple valves, a singje multiport valve, or multiple 
multiport valves, and tiiie valve system and related control system may be manual or 
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automatic in operation. ]tf maniial, preferably the control systCTOi includes a display in 
which system states control interventions are displayed for the operator. 

When the treatment system is one configured for filled cell electrodialysis reversal 
(EDIR) operation, that is, when electrical polarity of an EDI unit is reversed and the 
diluting stream compartment becomes the concentrating stream compartment, then 
preferably the sample point for boron d^ection is placed in the product outlet line. In 
this case, flie controller may apply the analyzer output to initiate a reversal sequence, or 
may determine suitable reversal intervals for periodic reversal based on the output fi-om 
the boron analyzer over time. One particularly advantageous mode of operation is to 
employ a multi-stage^DI treatment, with reversal of only the first stage. 

In another aspects of operation, the sample stream may be taken wifli a movable 
probe having an inlet movable to different positions along the length of a product 
manifold of an EDI stack. By varying the point at which said liquid conduit inlet is 
placed along the length of the product manifold, the performance of any diluting cell in 
the stack can be determined After the position of the point along the length of a product 
manifold diat has the highest boron concmtration has been determined, that point may 
continue to be iised as the sample supply to the boron analyzer during continued operation 
of the stack. 

Systems of the invention may also sample and control treatment plants employing 
one or more reverse osmosis units for production of water meeting a preselected boron 
level (MCL), as shown in Figure IB. In this case, the control system is configured to 
change one or more operating conditions of the RO unit For example, it may control a 
pump motor, back-pressure or outlet valve, chemical injector or other element, and may 
receive inputs firom appropriate pressure sensor, conductivity. pH, chemical addition or 
oflier sensors, such that the controller regulates high pressure side flow rate, brine 
blowdown rate, and/or feed rate of chemicals in one or more RO stages or units of the 
treatment system in response to the level of boron measurement. The preferred type of 
boron analyzer for boron fi^ee product sensing is that described in the aforesaid 
intemational PCT patent application PCT/USOl/24637, incorporated m this application in 
its entirety. Such instrument is commercially available fi-om Sieva:s Instruments, Inc. of 
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Boulder Colorado, as the UPW Baron Analyzer, an on-line boron analyzer designed for 
continuous measurement of ultra-trace boron contamination, which provides continuous, 
unattended measurement of boron in ultrapure water down to 20 parts per trillion. Other 
measurement devices maybe used for detection of less stringent upstream boron 
measuremmt levels. 

As relevant to the task of boron removal, operation of a reverse osmosis unit with 
increased hi^ pressure side flow rate decreases tixe thickness of the fluid/membrane 
polarization or boundary layer, and reduces the concentration of boron next to flie layer of 
the RO mCTibrane effecting the separation. Increasing the brine blowdown from the high 
pressure side of the pipcess decreases the total boron concentration on the high pressure 
side of the membrane, while inareasing tiie product water permeation rate produces a 
product water with a lower boron concentration. Cheacnicals such as polyols (i.e. sorbitol), 
polymeric entities with pol3^1s or ofha: boron sequestering active sites, or caustic may be 
added at controlled rates to the RO system feed, or to the feed of a second or third pass 
RO system, to increase the rejection of boron and/or its complexes by the RO m^biane. 
Additives or chemical agents may be i)artially recycled by adding an ultrafiltration loop, 
and blow down may be controlled to maintain effective operation with efficient use of 
chamicals. The methods and systCTis embodying methods according to this aspect of the 
invention perform one or more of these control interventions in response to the detected 
boron level. . . 

In one preferred mibodiment a sample stream of the product fix>m RO stages 
and/or sy5tem(s) is directed to. the inl^ of a low level boron analyzer, e.g., an on-line 
boron analyze, whidbi communicates with a control system that adjusts one or more of 
the high pressure side flow rate, brine blowdown rate, and/or feed rate of chemicals in 
one or more RO units of a treatmmt systCTi. 

In another embodiment, a sample stream of the feed to RO stages and/or system(s) 
is passed throu^ one or more ion exchange columns capable of removing ions more 
highly charged than boron, but not boron itself, and this conditioned stream is passed to 
the boron analyzer. Alternatively, sample conditioning of the feed may be performed by 
using a nanofiltration or a reverse osmosis membrane to reject (remove) strongly charged 
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ions while having a well-characterized but incomplete rejection of boron. Such sample 
preparation may be done for only certain sampling points and not others, as appropriate 
for the particular feed and the various treatment units upstream of each sampling point. 
Preferably, such conditioning is effected when interfering chemical spedes occur at higji 
concentrations in the sample feed to the boron analyzer. Other suitable conditioning 
treatments may include specific adsoiption or absorption, addition of specific complexing 
or sequestering agents, shnple dilution, and/or application of standard dilution and/or 
standard addition (such as done before RO to characterize operation). 

In systems with two or more RO units and/or stages in hydraulic series, a sample 
stream fix)m a sample^position in the liquid conduit between stages is preferably directed 
to the boron analyzer, and the detection output is applied by a control system as described 
above to adjust high pressure side flow rate, brine blowdown rate, and/or feed rates of 
chemicals (or blow down rate of recycled chamicals) in one or more RO units or stages of 
the system. When a UV process is applied between two RO stages and/or two passes in 
hydraxilic series, a sample stream may be taken firom a sample tap in the liquid conduit 
downstream of the UV light source, and its boron level used to control one or more 
operating parameters of RO vmits. in the system. It should be noted that when using a 
polyol-based boron capture resin or ch^nistiy, a UV unit at a disinfecting wavelength or 
band, such as a 2S4nm UV, is pref^^ly used to control biogrowth. When the system has 
multiple passes and/or stages, a preferred embodiment provides multiple sample outlets 
to a valve system having a single outlet communicating directiy with the inlet of an on- 
line boron analyzer, or having a single outlet communicating with the inlet of an on-line 
boron analyzer and one or more outlets that provide fluid samples to sample conditioning 
processes as described above coimecting with the analyzer. 

As for the EDI system embodiments, the valve system may include multiple 
valves, a single multiport valve, or multiple multiport valves, and the valve system and/or 
the control system may be manual or automatic. A sample stream may also be supplied 
to the inlet of a boron analyzer firom inlets, or a probe having a movable inlet 
positionable along the length of a product manifold of several RO modules. By varying 
the point at which the sample inlet is placed along the length of the RO jiroduct manifi>ld 
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the perfonnance of any module in an RO Stage or system is th Aftertbe 
position of the point along the length of a product manifold that has the hi^est boron 
concentration has been detemiined, that point may continue to be used as the sample 
supply point for Hie boron analyzer during continued operation. For example, RO 
modules may be contained in a number of pressure vessels having Iheir product outlets 
connected to a common manifold for any particular stage. One end of a small diamet^ 
tube or pipe may be ins^ed in the manifold by a means that allows controlled 
positioning of the inlet of the tube or pipe at a point that corresponds to the position in 
said manifold of the product outiet of any of the moduIe(s) of the RO pressure vessel, and 
the outiet of the tube pr pipe is connected to the boron analyzer. Similarly, the probe may 
be positioned in the manifold of an array of vessels, to sample the outputs of tiie 
individual vessels, each of which typically houses a string of four to eigjit modules. In 
this manner a representative sample stream, or a ''worst case" sample stream, or the 
stream from any particular branch of the manifold can be directed to the boron analyzer, 
direcfly or by way of a preconditioning process. 

hi one embodiment of a system, a source of water to be treated is passed through a 
gross filter to strain tiie water and remove larger particulates, a microfiltration or 
ultrafiltration membrane or unit, a softener to remove hardness, and optionally a 
degassing unit, and the pH of the feed is increased (for example, by adding caustic or 
oth^ alkaline liquid, or by other suitable technique), and passed to the high pressure side 
of a reverse osmosis system. A sample stream from the permeate side of the RO 
membrane is supplied to an on-line boron analyzer which provides a signal corresponding 
to the concentration of boron in the sample stream to a control system which regulates the 
means used to increase the pH of flie feed to the RO (for example, by regulating the rate 
at which caustic or other alkaline liquid is supplied to the feed), increasing the feed (or 
polyol capture material) if needed to maintain concentration of boron below a 
predetermined low level. For example, for UPW fab water, the control system may 
maintain boron below 50 ppt, advantageously below 20 ppt and preferably below about 
10 ppt Similarly, for potable water, the system may maintain a 50 ppb level, 30 ppb or 
such level as may be specified For operation of a fab plant UPW syst^ the system may 
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control an RO stage to produce a low- or sub ppb boron level output, followed by an EDI 
stage or loop operated to produce low ppt or boron-free product water. The EDI loop 
may include UV, ion exchange polishers or other treatment of a conventional type. Even 
without special resins in the EDI uni^ removal rat^ above 95% are readily noiaintained, 
resulting in a removal efficacy such that, if followed by a conv^tional final polish, a 
greatly extended bottle life of S-10 years is expected. 

In an embodiment as illustrated m Figure 2, a sample stream is supplied fix>m the 
product outlet of a two-pass RO system with interstage caustic injection* TTie on-line 
boron analyzer provides a signal corresponding to the concentration of boron in the 
sample stream to a ccptrol system that regulates the rate of caustic suppUed to the feed to 
the second RO pass, and the caustic feed rate is increased as the boron concentmtion rises 
above a predetemuned value, and may be decreased as the boron concentration falls 
below a lower predetermined value. Raflier than injecting caustic, the RO feed may come 
from a previous stage or be integrated into a system, where a high pH has already bee 
achieved. In this case the controller may set a blend rate, or inject a lesser amount of 
caustic, to obtain the desired decrease or increase of pH. Rather than controlling pH, the 
RO stage removal may be efrected using an agaat, such as a boron absorbing polyol, a 
culture ag^t immobilized in suitably compatible porous polymer phase, microbeads or 
other system injected into the feed. It's rate of injection, or removal, or effective 
residence time may be set or controlled based on detected boron level. In this case, the 
ag&at captures boron while in the stream, is rejected by the RO; the RO reject may be 
further passed to a UF unit to separate the injected c^ture agent and recirculate it to the 
RO feed, enhancing residence time and overall boron removal. 

One treatment system having the described low borou controlled output may 
advantageously be implemented by arranging that an existing treatment plant feed its 
product or intetmediate stage product water to one or more EDI and/or RO units arranged 
and controlled as described above. For example, the treatment systems of the presait 
invention may receive water from a final or intermediate stage of treatment line as 
described in United States Patent No. 5,925,255 or published intemational patent 
application PCT/US97/14239 (the so-called 'THERO" process), hi such cases, the 
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controlled units may receive a feed fhat has alteady been controlled to aMgh or low pH, 
and the system may be configured to operate for efifective boron removal with litde or no 
additional chemical costs. 

It will be apparent to those skilled in the art that changes, additions and 
subtractions may be made in the above-described app^tus and methods for detection 
and treatment with boron removal, without departing firom the scope of the invention 
herein, and it is intended tiiat all matter contained in the above description shall be. 
interpreted in an illustrative and not a limiting sense. Various modifications of and 
variations on the method and apparatus as herein described will be apparent to those 
skilled in the art, and ^ such modifications and variations are considered within the 
scope of the invention, as limited only by the claims appended hereto and equivalents 
thereof. 

What is claimed is: 
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CLAIMS 

Apparatus for treating water or other solvent to produce a product having a 
predetennined maximum level of boron, such apparatus comprising: 

(a) a treatment line including plural treatment units; 

(b) wherein the treatm^t line includes at least one mmibrane-type boron removal 
unit connected for receiving a feed stream of said water or other solvent and 
providing a treated product stream, the membrane-type boron removal unit 
being a imit selected from among the set of xmits including a filled cell 
electrodia^ysis (EDI) unit and a membrane jfiltration unit; 

(c) a sampling outiet providing a sample of sai^water or other solvent treated by 
the treatment line; 

(d) a boron analyze^ 

(e) said boron analyzer arranged to provide an output indication of concentmtion 
of boron in the sample; 

(f) a controller, the controller applying said indication of boron to set an operating 
condition of the membrane-type boron r^oval unit such fliat product water of 
the treatment line meets a predetennined maximum level of boron. 

The apparatus of claim 1, wherein the mCTibrane-^e boron removal unit includes an 
EDI unit and the controller sets an electrical drive condition of the EDI imit 

The ^paratus of claim 1, wherein the membrane-type boron removal imit includes an 
EDI imit and the controller sets a feed condition of said water or other solvent 
provided to the EDI unit 

The apparatus of claim 1, wh^ein the membrane-type boron removal imit includes 
an RO unit and the controller sets an operating condition of the imit or a condition of 
feed provided to the unit effective to achieve the predetermined maximum level of 
boron. 
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5. The apparatus of claim 1, comprising a first stage comprising RO and a second stage 
comprising EDI» and wherein the controller sets an operating condition of said first 
and/or said second stages to achieve one or more predetermined maximum boron 
levels at one of more stages of the treatment line. 

6. The apparatus of claim 4, fiirfher comprising a treatment stage effecting boron capture 
ahead of the RO unit, and the controller controls said treatment stage to achieve the 
predetermined maximum boron level. 

f 

7. The apparatus of claim 1, wh^ein the treatment line receives a flow of feed firom a 
stage of a treatment system having a non-neutral pH. 

8. The apparatus of claim 7, wherein the controller controls a condition selected firom 
among chemical injection and blend ratio to achieve the predetermined maximum 
boron level. 

9. A method for controlling removal of boron fix>m wato: or other solvent to produce a 
product water having a predetermined noiaximum tevel of boron, such mefliod 
comprising the steps of: 

a) providing a treatment line including plural treatment xmits, wherein the 
treatment Une includes at least one membrane-type boron removal imit 
connected for receiving a feed stream of said water or other solvent and 
providing a treated product stream, the membrane-type boron removal uxiit 
being a unit selected firom among the set of units including a filled cell 
electrodialysis (EDI) imit and a membrane filtration unit; 

b) providing one or more sampling outlets of said treatment system for a sample 
of said water or other solvent treated by the treatment line; 

c) providing said sample to a boron analyzer, said boron analyzer arranged to 
provide an output indication of concmtration of boron in the sample; 



22 



wo 03/031034 



PCT/US02/31645 



d) setting an operating condition of the membrane-type boron removal unit such 
that product water of the treatment line meets a predetmnined maximum level 
ofboron. 

10. A method ofprodudng a substantiaUy boron fiieeUPW product water for 
semiconductor fibiication or the like, \^^ein the method includes the steps of 

providing a treatmmt line including at least one membrane-type water treatmeut 
unit selected from among an electrodeionization (EDI) unit and a reverse osmosis 
(RO)umt, 

detecting a ley level boron concentration on line from one or more sampling 
points along the treatment line, and 

dynandcally controlling an operating condition of the membrane-type water 
treatment unit in response to said detecting so as to produce said substantially boron 
free product water. 

11. The method of claim 10» wh^ein the step of controlling operating condition 
includes adjusting pot^tial or curreut across an EDI stack to substantially remove 
ions of a type other than boron so as to substantially suppress displacement of boron 
by said ions.of a type other than boron during treatm^. 

12. The method of claim 10, wherein the step of controlling operating condition 
includes adjusting potential or current across an EDI stack so as to maintain anion 
exchange resin in a distal portion of the flow path tim>ugih the EDI stack in a 
substantially regenerated state for effective boron removal. 

13. The method of claim 10, wherdn the step of controlling operating condition 
includes adjusting pH to enhance removal ofboron or of competing ions. 
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14. The method of claim 10, wherein the step of controlliiig operating condition 
includes adjusting an operating condition of an RO unit to produce said substantially 
boron free product water. 

15. TTie method of claim 14, wherdn the step of controlling an operating condition 
includes a step selected from among the gjcovp of steps consisting of controlling high 
pressure side flow rate, controlling brine blowdown rate, controlling feed rate or 
conc^tration of chemicals, controlling blend rate of RO feed, and controlling pH in 
one or more RO units of the treatment system. 

16. The method of claim 10, wherein the step of detecting a low level boron 
concentration is. performed using an on-line boron detector having low ppt sensitivity. 

17. The method of claim 10, wherein the step of controlling an operating condition 
includes providing a boron capture agent upstream of the RO unit and recirculating 
said Q^ture agent in a loop between RO brine outlet and inlet 

1 8. The method of claim 1 8, wherdn the loop includes a UF unit for concentrating said 
capture agent. 
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